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Insulin-like growth factor-1 receptor (IGF-1R) can regulate vascular homeostasis and endothelial function. We studied the role of IGF-1R in oxidative stresseinduced endothelial dysfunction. Unilateral ureteral obstruction (UUO) was performed in wild-type (WT) mice and mice with endothelial cell (EC)especific IGF-1R knockout (KO). After UUO in endothelial IGF-1R KO mice, endothelial barrier dysfunction was more severe than in WT mice, as seen by increased inflammatory cell infiltration and vascular endothelial (VE)ecadherin phosphorylation. UUO in endothelial IGF-1R KO mice increased interstitial fibroblast accumulation and enhanced extracellular protein deposition as compared with the WT mice. Endothelial barrier function measured by transendothelial migration in response to hydrogen peroxide (H 2 O 2 ) was impaired in ECs. Silencing IGF-1R enhanced the influence of H 2 O 2 in disrupting the VEeprotein tyrosine phosphatase/VEcadherin interaction. Overexpression of IGF-1R suppressed H 2 O 2 -induced endothelial barrier dysfunction. Furthermore, by using the piggyBac transposon system, we expressed IGF-1R in VE cells in mice. The expression of IGF-1R in ECs also suppressed the inflammatory cell infiltration and renal fibrosis induced by UUO. IGF-1R KO in the VE-cadherin lineage of bone marrow cells had no significant effect on the UUOinduced fibrosis, as compared with control mice. Our results indicate that IGF-1R in the endothelium maintains the endothelial barrier function by stabilization of the VEeprotein tyrosine phosphatase/VEcadherin complex. Decreased expression of IGF-1R impairs endothelial function and increases the fibrosis of kidney disease. Chronic kidney disease (CKD) is a major health care problem that ultimately progresses to renal failure and the need for dialysis and/or renal transplantation. 1 Exaggerated inflammation plays a critical role in acute and chronic renal diseases, including obstructive kidney disease, glomerulonephritis, and ischemia-reperfusioneinduced nephropathy. Although systemic endothelial dysfunction is associated with pathological changes in CKD, the role of the renal endothelium in the initiation and the progression of renal inflammation and fibrosis remains largely elusive. In addition to its classic barrier function, the endothelium is a key player in physiological processes, such as the regulation of tissue inflammation and of thrombosis. 2, 3 Although endothelial barrier integrity is essential to prevent inflammatory responses, few studies have explored the potential contribution of impaired endothelial barrier function to CKDinduced nephropathy, including fibrosis.
via the expression and distribution of tight junction proteins. 6 There are an increasing number of studies that show that IGF-1R is a protective factor in endothelial cells (ECs). 7 IGF-1 signaling inhibits hydrogen peroxide (H 2 O 2 )e induced apoptosis in human umbilical vein ECs (HUVECs) by reducing mitochondrial dysfunction. Specifically, the protective mechanism of IGF-1 involves preserving the mitochondrial membrane potential and reducing caspase-3 activity. Specific binding of IGF-1 to IGF-1R has been demonstrated in kidney and retinal ECs, 8e10 but whether IGF-1R plays a protective role in CKD-induced pathological responses is unknown.
The vascular endothelium sits at the interface between the blood stream and the vessel wall and is involved in the regulation of metabolic hemostatic and immunological processes. The regulation of EC contacts is of central importance for the barrier function of the blood vessel wall and for the control of leukocyte extravasation. Despite the participation of several adhesion molecules and receptors in the control of endothelial barrier, most of the currently known mechanisms involve vascular endothelialecadherin (VE-cadherin), an essential adhesion molecule for the stability of endothelial junctions. VE-cadherin is believed to be of dominant importance for the stability of EC contacts and, consequently, most mechanisms that affect the stability of endothelial junctions target VE-cadherin. The factors histamine, thrombin, tumor necrosis factor (TNF)-a, vascular endothelial growth factor (VEGF)-A, and oxidative stress were shown to increase tyrosine phosphorylation of various components of the cadherin-catenin complex and increase permeability of cultured EC monolayers. 11 On the basis of these previous findings, 7e10 we hypothesized that IGF-1R has a critical role in the maintenance of capillary architecture and function during CKD. Because IGF-1 acts as an important survival factor for multiple cell types, we undertook this study to investigate whether IGF-1R favorably affects the barrier function of vascular ECs.
Materials and Methods

Animals
To generate mice with IGF-1R knocked out in the endothelium, mice carrying a floxed IGF-1R allele 12 were bred with VE-cadherin-Cre mice (Jackson Laboratory, Bar Harbor, ME), in which Cre is only expressed in ECs. After backcrossing, the IGF-1R f/f /VE-cadherin-Cre þ [IGF-1R knockout (KO)] mice were obtained. Although whole body KO of IGF-1R is fatal and leads to embryonic death, 13 we found that KO of IGF-1R in ECs did not cause abnormality in gross appearance or male/ female ratio. Mice carrying this EC-specific mutation were of normal size and weight and did not display any apparent renal pathology in our experimental period. Red fluorescent protein (RFP) flox egreen fluorescent protein (GFP) mice [B6.CgTg(CAG-DsRed-EGFP)5Gae/J, stock number 008705] 14 were bred with VE-cadherin-Cre mice to evaluate the VE-cadherin-Cre efficiency. Mice were housed in a conventional animal facility with a 12-hour light/dark cycle. Genotyping was performed using tail DNA. IGF-1R KO and wild-type (WT) littermate control (VE-cadherin-Cree negative) male mice, aged 3 to 4 months, were used in experiments. All animal experiments were conducted in accordance with accepted animal protocols (AN-6188 and D1557) approved by the Institutional Animal Care and Use Committee at the Baylor College of Medicine (Houston, TX).
Plasmid and Adenovirus Preparation
The adenovirus expressing IGF-1R was constructed by inserting the IGF-1R cDNA into the pTracker-CMV vector, and the adenovirus was prepared as reported previously. 12 We constructed the plasmid pT-VE-cad-IGF-1R, a transposon containing the cDNA of IGF-1R under control of the VE-cadherin promoter, by InFusion cloning (Clontech, Mountain View, CA). pT-VE-cad-IGF-1R has the same ampicillin-resistant backbone, piggyBac transposon inverted repeats, and polyA signal components as the previously published transposon plasmids pT-tight-Luc 15 and pT-tight-GSTA4. 16 The VE-cadherin promoter was cloned by RT-PCR from mouse genomic DNA. We generated the construct by gel purification of the linear plasmid backbone fragment containing the piggyBac inverted repeats. We PCR amplified both the VE-cadherin promoter and the IGF-1R cDNAs with the following primers: VE-cad_F1 (5 0 -AGATACTCGAGCTA-GCCTAGTAGCAGAAACAAGGTC-3 0 ) and VE-cad_R1 (5 0 -GGAGCCAGACTTCATGGTGGCGGCAGTCTGTCC-AGGGCCGAG-3 0 ); or IGF-1R_F1 (5 0 -ATGAAGTCTGGC-TCCGGA-3 0 ) and IGF-1R_R1 (5 0 -TCGACAAGCTTATC-GATTCAGCAGGTCGAAGACTG-3 0 ). The primers generated regions of 15-bp homology, as required by the InFusion enzyme. The primers also introduced a Kozak sequence and two restriction enzyme sites: a NotI site between the VEcadherin promoter and the IGF-1R genes and a MluI site between the IGF-1R sequence and the polyA signal. The three fragments (VE-cadherin promoter, IGF-1R cDNA, and backbone) were joined using InFusion, following the manufacturer's instructions.
Reagents and Antibodies
Penicillin, streptomycin, Dulbecco's modified Eagle's medium, and fetal bovine serum were obtained from Invitrogen Life Technologies (Carlsbad, CA). The protein assay kit was from Bio-Rad (Hercules, CA). The monoclonal a-smooth muscle actin (SMA)efluorescein isothiocyanate (FITC) antibody, dextran-FITC, and Evans Blue Dye were from Sigma-Aldrich (St. Louis, MO); VE-cadherin and CD31 antibodies were from BD Biosciences (San Jose, CA); IGF1Rb, von Willebrand factor, and platelet-derived growth factor receptor (PDGFR)-b antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA); phosphorylated VEcadherin, F-actinephalloidineFITC, fluorescent secondary
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The American Journal of Pathology -ajp.amjpathol.organtibodies, and Tyramide Signal Amplification Kit were from Invitrogen (Carlsbad, CA); protein tyrosine phosphatase (PTP) receptor b (VE-PTP) antibody was from Gene Tex (Irvine, CA); CD42 and CD144 (VE-cadherin) antibodies were from eBioscience (San Diego, CA); antibody against PDGFR-a was from R&D (Minneapolis, MN); antibodies against GFP (rabbit) were from Abcam (Cambridge, MA); DAPI was from Southern Biotech (Birmingham, AL); and macrophage marker F4/80 and rabbit antiea-SMA antibodies were from Abcam (Cambridge, MA).
Renal Interstitial Fibrosis Model
Unilateral ureteral obstruction (UUO) or sham surgery was performed on 3-to 4-month-old male mice, as described previously. 17, 18 Male mice were anesthetized with an i.p. of xylazine and ketamine cocktail (8.8 mg/kg xylazine and 130 mg/kg ketamine). Kidney tissue was harvested 3 or 7 days after UUO or sham surgery. Because previous studies showed no differences between these time points in shame operated on mice, 17 a single time point (day 3 or 7) was used for sham controls in each experiment. Under anesthesia, the left ureter was isolated and ligated for 3 or 7 days. For in vivo gene delivery of IGF-1R in renal ECs, the plasmids pCMVpiggyBac, pT-TetOn, and pT-VE-cad-IGF-1R were mixed with endotoxin-free hydrodynamic injection solution QR (Mirus, Madison, WI) and injected into the renal vein of one kidney. Subsequently, UUO was generated. After 7 days, animals were sacrificed and the kidneys were analyzed.
Renal IRI
We used an established mouse model of kidney ischemia/ reperfusion injury (IRI) induced by clamping of bilateral renal pedicles. Male mice (age, 3 to 4 months; weight, 20 to 25 g) were anesthetized with an i.p. injection of 2 mL/kg combination anesthetic. After abdominal incision, left and right renal pedicles are bluntly dissected, and bilateral ischemia was induced by clamping of the renal pedicle for 30 minutes using a small microvascular clamp (Roboz Surgical Instruments, Gaithersburg, MD), stopping blood flow. During the procedure, animals were kept on a heating pad and hydrated with warm saline. After 30 minutes of ischemia, the clamps were removed, allowing reperfusion. The wounds were sutured, and the animals were allowed to recover. Sham-treated mice had identical surgical procedures except for clamping of the kidneys. Mice were euthanized at 72 hours and 1 week after reperfusion, and kidneys were harvested for Western blot analysis.
BM Isolation and Transplantation
Bone marrow cells (BMCs) were obtained from tibias and femurs of WT or IGF-1R KO mice. The transplant was generated by injecting 5 Â 10 6 BMCs into the lateral tail vein of lethally irradiated (11 Gy) WT mouse recipients. 19 Mice received kanamycin in their drinking water (2 mg/ mL) for 14 days after transplantation. Mice were divided into two groups with six animals in each group: WT mice were transplanted with BMCs isolated from WT (control) or from VE-cadherin-Cre þ /IGF-1R f/f mice. UUO surgeries were performed 2 months later. After 7 days, the animals were euthanized under anesthesia and the kidneys were removed for analysis.
Assessment of Renal Function
Blood samples were collected for creatinine measurement after sham surgery or day 7 after UUO. Serum creatinine was measured using the Quanti Chrom Creatinine Assay Kit (Jaffe method) as per the manufacturer's instructions (Sigma-Aldrich).
Histology and Immunohistochemistry
For histological analysis, the kidneys were prepared by perfusion of the mice through the left ventricle and slides of the kidney were prepared as described. 18 Histology scoring was performed by examining periodic acideSchiffestained kidney sections of five mice in each group by an experienced pathologist (M.L.) on coded slides. Immunohistochemical staining was performed on kidney tissues using procedures established in our laboratory. 17, 18 For double-immunofluorescence staining, after primary antibodies, fluorescent secondary antibodies were incubated. DAPI was used to stain the nuclear DNA. The Nikon Eclipse 80i fluorescence microscope (Nikon, Melville, NY) was used to capture the images, and the negative control was either an isotype-matched IgG or phosphate-buffered saline with Tween. The areas of positive signal were measured using the NIS-Elements BR 3.0 program (Nikon). Picro-Sirius Red staining was performed for assessment of collagen deposition, as described. 18 The amount of cortical fibrillary collagen was determined by observing areas stained with Picro-Sirius Red with a Nikon Eclipse 80i fluorescence microscope. To determine GFP expression in RFP flox -GFP/VE-cadherin-Cre þ mice, the cryotissue sections were stained with anti-GFP primary antibody. After washing three times, the samples were stained with anti-rabbit IgG antibody conjugated to Alexa Fluor Cy5 dye (BD Biosciences). The images were obtained using a Zeiss LSM-510 inverted deconvolution microscope with a Zeiss Plan Apochromat 63 (numerical aperture, 1.4) objective lens (Nikon).
Images (Â400 magnification) from each section were analyzed in a blinded manner (J.L.) and quantified using Image-Pro Plus software version 4.5 (Media Cybernetics, Silver Spring, MD). The results were expressed as the percentage of total tubulointerstitial area stained.
H 2 O 2 Measurements
Kidneys were harvested and homogenized in 250 mL sucrose buffer on ice, followed by protein quantitation (Bradford method). H 2 O 2 was measured as described previously. 20 The method takes advantage of the conversion of Fe 2þ to Fe 3þ in ajp.amjpathol.org -The American Journal of Pathology the presence of H 2 O 2 , followed by detection of Fe 3þ -xylenol orange complex. Briefly, kidney lysate (100 mg/20 mL) was added to 180 mL assay buffer, followed by measurement of absorbance at 560 nm. Absorbance values were normalized to the absorbance of wells containing assay buffer alone and expressed as OD. 
Measurement of mRNA Expression
Western Blot Analysis
The cell extracts were prepared in radioimmunoprecipitation assay buffer, protein concentration in the extracts was determined by Bradford protein assay kit (Bio-Rad, Hercules, CA), and approximately 30 mg of protein was separated by SDS-PAGE. After transferring to nitrocellulose membranes, immunoblots were probed separately with various primary antibodies after blocking with 5% skimmed milk in Tris-buffered saline. Fluorescently labeled secondary antibodies were used for detection by the Odyssey Infrared Imaging System (LI-COR, Inc., Lincoln, NE).
Transmission Electron Microscopy
Mice were sacrificed at 3 days after UUO or sham operation. The kidneys were perfused with PBS and fixed by immersion in 0.1 mol/L cacodylate buffer containing 2.5% glutaraldehyde. Samples were dehydrated through ascending grades of ethanol, embedded, divided into sections (90 nm thick), and stained with lead citrate and 2% aqueous uranyl acetate. They were dehydrated through ascending grades of ethanol. Samples were examined with the JEM-1200 transmission electron microscope (JEOL, Peabody, MA) in the Baylor College of Medicine core facility.
Qualitative Evaluation of Vascular Permeability by Injection of Evans Blue Dye
Vascular permeability was determined by intravascular injection of Evans Blue Dye (Sigma-Aldrich). Evans Blue Dye (20 mg/g mouse body weight and 2 mg/mL in 0.9% NaCl) was injected into the mouse jugular vein. After 30 minutes, dye remaining in the vessels was washed out by perfusing the mouse with 0.9% NaCl via a needle inserted into the left ventricle of the heart. The mouse was then euthanized immediately, and the kidneys were removed. Each kidney was cut into two pieces along the horizontal plane, and both pieces were weighed. One piece was used for Evans Blue Dye extraction with 100% formamide (4 mL/g wet kidney weight) at room temperature for 24 hours. The other piece was dried for 24 hours at 55 C and weighed to obtain the ratio of dry/wet weight. The extracted dye was measured by spectrophotometry (absorbance at 620 nm) using a 96-well plate reader. The results were calculated from a standard curve of Evans Blue Dye (0.05 to 50 mg/mL) and expressed as mg/g dry kidney weight.
Cell Culture and Transfections
HUVECs were purchased from Lonza (Basel, Switzerland). Cells were cultured in Clonetics MEGM Bullet Kit media (Lonza) and starved of supplement growth factors for 24 hours before stimulation with reagents. All assays were performed between passages 4 and 8. TNF-a (Sigma-Aldrich) was used at a dose of 20 ng/mL, and recombinant VEGF (C-1; Santa Cruz Biotechnology) was used at 10 ng/mL. For RNA silencing of the IGF-1R in cells, predesigned Silencer Select siRNAs for human IGF-1R and negative control (none targeting siRNA) were purchased from Thermo Scientific (Waltham, MA). Transfection was done with Lipofectamine 2000 (Life Technologies, Grand Island, NY), according to the manufacturer's instructions. Briefly, cells were seeded at 1 Â 10 6 cells per 6-well plate and incubated for 24 hours. A mixture was prepared of 50 pmol siRNA with 5 mL of Lipofectamine 2000 and added to the culture drop by drop. After 24 hours of transfection, medium was changed to normal medium containing antibiotics. Cells were either treated after 24 hours at 90% to 95% confluence or as otherwise stated. RNA was extracted 24 hours after transfection for real-time RT-PCR analyses, and cell lysates were prepared 48 hours after transfection for Western blot analyses.
In Vitro Permeability Assay
Confluent HUVECs were seeded on 1% gelatin-coated Transwell inserts (0.4-mm pore size; Becton Dickinson, Franklin Lakes, NJ) in 12-well plates and cultured in the upper chamber. At the start of the experiment, HUVECs were transfected with siRNAeIGF-1R or nonrelated scrambled siRNA, or infected with adenovirus (Ad)eIGF-1R, and cultured for 24 to 72 hours. Afterward, 20 mg/mL FITC-dextran (4-kDa relative molecular mass; SigmaAldrich) was added to the upper chamber after HUVECs were pretreated with 100 mmol/L H 2 O 2 for 1 hour at 37 C. The medium (100 mL) was taken from the lower
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Renal Microvascular EC Isolation
The method used to isolate the renal microvascular ECs was adapted from that described by Jackson et al. 21 We used antiePECAM-1 ferrous Dynabeads (Invitrogen, Carlsbad, CA) to immunomagnetically separate the ECs from the other cells present in the renal cortex. 22 
Transmigration of BMCs
The BMCs were isolated from male C57BL/6 mice, as described. 19 HUVECs were transfected with siRNAeIGF-1R or nonrelated scrambled siRNA for 48 hours, or infected with AdeIGF-1R. HUVECs were cultured in proprietary medium (PromoCell) until confluence in porous filter inserts (5-mm pore size Transwell; Corning, Corning, NY) and activated for 6 hours with 100 mmol/L H 2 O 2 . After 6 hours, the medium was replaced and BMCs (2 Â 10 6 in 100 mL) were added. The BMCs were subsequently allowed to transmigrate for 2 hours in a humidified CO 2 incubator at 37 C. The transmigrated BMCs were quantified by microscopy (Nikon, Tokyo, Japan).
Statistical Analysis
All data are presented as the means AE SEM. Comparison between groups was made using one-way analysis of variance, followed by pairwise comparisons with P value adjustment; P < 0.05 was considered to be statistically significant.
Results
Endothelial-Specific KO of IGF-1R Induces Interstitial Fibroblast Accumulation after UUO We found that the protein level of IGF-1R was dramatically decreased in kidneys of UUO mice at days 3 and 7 as compared to untreated control kidneys ( Figure 1, A and B) . Similarly, in a renal IRI model, IGF-1R expression was dramatically decreased at 3 days after IRI and recovered to normal levels by day 7 ( Figure 1C ). Our results were consistent with a previously reported decrease in mRNA expression of IGF-1R in the rat IRI model. 23 To investigate whether the level of IGF-1R expression in ECs modulates UUO-induced renal fibrosis, mice with EC-specific KO of IGF-1R (VE-Cre þ /IGF-1R f/f , IGF-1R KO) were generated by crossing IGF-1Refloxed mice with VE-cadherin-Cre transgenic mice ( Figure 1D ). The IGF-1R KO mice had decreased levels of IGF-1R protein when compared with WT mice ( Figure 1E ). Immunohistochemical analysis revealed a marked decrease of IGF-1R expression in the ECs of the renal arteriole from IGF-1R KO mice ( Figure 1F ). To further evaluate the efficiency of VE-cadherin-Cre, we used RFP flox -GFP/VE-cadherin-Cre reporter mice to express GFP in VEcadherin-Creepositive cells.
14 The GFP-positive cells were found in the glomerular, peritubular capillaries and arterioles ( Figure 1G ). These GFP-positive cells also expressed endothelial marker CD31 ( Figure 1G ), and represent approximately 85.5% AE 2.79% of total CD31-positive cells ( Figure 1H ). This result indicates that VE-cadherin-Cre expresses functional Cre in ECs in kidneys.
To determine whether IGF-1R in vascular ECs contributes to renal fibrosis, we performed UUO in IGF-1R KO mice.
IGF-1R
f/f littermates were used as controls. The expressions of a-SMA and PDGFR-a were monitored to represent myofibroblast accumulation. After UUO, the protein and mRNA levels of PDGFR-a and a-SMA were increased, an effect that was further enhanced in the kidneys of IGF-1R KO mice ( 
Exaggeration of Tubulointerstitial Fibrosis in IGF-1ReDeficient Mice
After UUO, blood samples were harvested for serum creatinine content measurements. The levels of serum creatinine in IGF-1R KO mice were not statistically significantly different from WT mice after UUO (Figure 2A ), indicating that the contralateral (unobstructed) kidney sufficed for normal excretion. Several renal pathological phenotypes could be observed in both IGF-1R KO and WT mice after UUO. These alterations include tubular atrophy, infiltration of leukocytes, the expanded tubular interstitial volume, and the overaccumulation of the extracellular matrix (Figure 2 , B and C). Mice with endothelial KO of IGF-1R displayed significantly severe tubular injury, as determined histologically and by pathological scoring of tubular injury. The degree of injury was similar for both IGF-1R KO and WT mice 7 days after UUO, as indicated by the dilation of tubular lumens in obstructed kidneys ( Figure 2B ). However, interstitial collagen deposition on Oxidative stress can induce renal apoptosis and contribute to the pathogenesis of the kidney after UUO. On days 1 and 7 after UUO, we measured the renal reactive oxygen species (ROS) measurement in vivo by the Fox assay on a chemiluminescence analyzer. We found that significantly increased ROS occurred after 24 hours of UUO in the kidney, but the increased ROS levels were not significantly different between WT and IGF-1R KO mice. However, on day 7, the level of H 2 O 2 in IGF-1R KO mice was significantly higher in the UUO group compared to WT mice ajp.amjpathol.org -The American Journal of Pathology ( Figure 2F ). Our data suggest that similar oxidative stress was initiated in WT and IGF-1R KO mice after UUO.
Moreover, the expression levels of matrix protein collagen I and fibronectin were detected by Western blot analysis. Consistently, the results showed that IGF-1R KO mice had a significantly higher expression of these proteins in the obstructed kidney versus the expression in WT mice after UUO ( Figure 2G ). The density analysis revealed a significant difference in protein expression between WT and IGF-1R KO mice (Figure 2, H and I ).
IGF-1R KO Mice Display Exaggerated Tubulointerstitial Inflammation after UUO
Inflammation is a critical factor in the development of renal fibrosis. The obstructed kidneys in IGF-1R KO mice show severe infiltration of inflammatory cells with interstitial area extension, especially interstitial area surrounding the vessels, by periodic acideSchiff staining ( Figure 3A) . Consistent with the increase in infiltration of inflammatory cells, mRNA expression of the IL-1b, inducible nitric oxide synthase, transforming growth factor-b1, and monocyte chemoattractant protein-1 genes was significantly up-regulated in the kidneys of IGF-1R KO mice compared with that of WT mice after UUO ( Figure 3B ). To determine whether the preserved renal architecture was associated with an increase in inflammation, we performed immunohistochemistry analysis. Probing for the pan-leukocyte marker CD45, we determined that the IGF-1R KO in ECs resulted in a significant increase in leukocyte infiltration at 3 and 7 days after UUO as compared with WT ( Figure 3C ). Image analysis of CD45 staining confirmed a significant increase in leukocyte infiltration in the IGF-1R KO mice ( Figure 3D ). The leukocyte populations presented within injured kidneys consisted primarily of F4/80-positive macrophages, which were increased in IGF-1R KO mice at 3 and 7 days after UUO (Figure 3, E and F) . Together, these data 
IGF-1R KO in VE-Cadherin Lineage Hematopoietic Cells Does Not Involve UUO-Induced Pathological Changes
Because of the expression profile of the VE-cadherin promoter, Cre activation in the VE-cadherin-Cre mice occurs not only in the ECs, but also in the hematopoietic cells. 24 To evaluate the role of IGF-1R of hematopoietic cells in UUOinduced inflammation and fibrosis, UUO was performed in WT mice that were transplanted with BMCs from WT mice (WT/WT) or IGF-1R f/f/ /VE-cadherin-Cre þ mice (WT/IGF-1R KO). No significant differences in pathological change were found in obstructed kidneys in the two groups. The dilation of tubular lumens (Supplemental Figure S1A ) and interstitial collagen deposition (Supplemental Figure S1 , B and C) was not significantly different in the obstructed kidneys (7 days after UUO) of WT/IGF-1R KO chimeric mice versus WT/WT mice. Quantification of CD45 þ cells showed no significant difference in obstructed kidneys from mice with either WT or IGF-1R f/f/ /VE-cadherin-Cre þ BMCs (Supplemental Figure S1, D and E) . Consistently, the protein expression levels of a-SMA and fibronectin were increased to a comparable level in both groups (Supplemental Figure S1F) . These results indicate that IGF-1R KO in the ECs, but not in the hematopoietic cells, of a VE-cadherin lineage plays an essential role in the progress of inflammation and fibrosis in the obstructed kidneys.
IGF-1R Deficiency Is Associated with EC Barrier Dysfunction after UUO
We performed transmission electron microscopy to examine the structural alteration of renal capillary ECs in kidneys of WT and IGF-1R KO mice after UUO ( Figure 4A ). ECs showed more severe loss of the cellular junctions after UUO, with many more cell processes and morphological changes occurring in the IGF-1R KO mice than in the WT mice. VE-cadherin is an important molecular component of The results from quantification of these images by computer-assisted image analysis, expressed as percentage of the positive area. Data are given as means AE SEM (A, E, F, H, and I). n ! 6 mice (A, E, F, H, and I). *P < 0.05. C, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; U1, UUO sample from animal 1; U2, UUO sample from animal 2. ajp.amjpathol.org -The American Journal of Pathology the capillary endothelial barrier. Increased tyrosine phosphorylation of VE-cadherin correlates with the disassembly of EC junctions. 25 To investigate the role of VE-cadherin in the UUO model, VE-cadherin protein expression and its phosphorylation were measured. We found a significant increase in the amount of tyrosine-phosphorylated VE-cadherin (pVE-cadherin) in obstructed kidneys in the IGF-1R KO mice versus WT mice at day 3 after UUO. The total VE-cadherin showed no significant changes between the two groups ( Figure 4B ). The ratio of pVE-cadherin/ VE-cadherin was greater in the IGF-1R KO mice than that in WT mice ( Figure 4C ).
Alteration in EC structure and increased phosphorylation of VE-cadherin could lead to vascular leakage. Platelets are the early response cells to EC damage. The platelet-specific marker CD42 gave positive signals along the peritubular histochemistry, and the positive cells were counted. *P < 0.05, **P < 0.01 versus WT UUO. n Z 6 (AeF). Ctl, control; iNOS, inducible nitric oxide synthase; MCP, monocyte chemoattractant protein; TGF, transforming growth factor; WT, wild type.
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The American Journal of Pathology -ajp.amjpathol.org Figure 4 Insulin-like growth factor-1 receptor (IGF-1R) knockout (KO) aggravates endothelial injury and impairs endothelial cell (EC) barrier function in obstructed kidney. A: Transmission electron microscopy of peritubular capillaries at day 7 after unilateral ureteral obstruction (UUO) kidney in wild-type (WT) and IGF-1R KO mice. At day 7 after UUO in IGF-1R KO mice, the endothelium of the peritubular capillary (En) is swollen with marked cytoplasmic projections on the surface (arrows) in IGF-1R KO mice. B: Phosphorylation of vascular endothelialecadherin (VE-Cad) and total VE-Cad was detected by Western blot analysis after UUO in WT and IGF-1R KO mice. C: The ratios of pVE-Cad/total VE-Cad. D: Platelet marker CD42 was detected by immunostaining at day 3 after UUO in WT and IGF-1R KO mice. CD42 increases in peritubular capillaries in UUO kidneys from IGF-1R KO mice. E: Permeability study performed by injection of Evans Blue Dye. The obstructed left kidney (3 days after UUO) of mice shows Evans Blue Dye accumulation after saline washout, indicating that the obstructed kidneys retain more Evans Blue Dye than the contralateral kidneys. Figure 4D ). To assess the changes in vascular permeability after UUO, the deposition of penetrated Evans Blue Dye was measured after perfusion. Evans Blue Dye levels were greater in the IGF-1R KO mice than in WT mice ( Figure 4E ). Because adhesion molecules may play an important role in macrophage recruitment after the oxidative stress after UUO, we detected intercellular adhesion molecule (ICAM)-1 protein expression. Immunohistochemistry staining with an antieICAM-1 antibody showed only slight expression of ICAM-1 in the glomerulus, peritubular capillaries, and luminal area of tubule cells in sham control mice, but an increase in ICAM-1 expression was found in the vascular endothelium, tubular epithelium, and interstitial areas in the obstructed kidney from both WT and IGF-1R KO mice. Stronger ICAM-1 expression was apparent in the endothelium of the renal arterioles of IGF-1R KO mice ( Figure 4F ). Furthermore, we detected the vascular cell adhesion molecule (VCAM)-1, ICAM-1, and E-selectin mRNA expression in HUVECs after treatment with H 2 O 2 . The in vitro experiment showed that H 2 O 2 treatment increased the mRNA transcription of VCAM-1, ICAM-1, and E-selectin in ECs and that the increase was greater for VCAM-1 and ICAM-1 in the IGF-1R knockdown HUVECs ( Figure 4G ). Taken together, our data suggest that IGF-1R in vascular ECs may also be involved in regulating the expression of endothelial adhesion molecules after stimulation due to peroxidative stress.
Knockdown of IGF-1R in HUVECs Increases VE-Cadherin Phosphorylation and Impairs Endothelial Barrier Under Oxidative Stress
VE-cadherin phosphorylation is suppressed under normal conditions, and increased VE-cadherin phosphorylation is associated with increased endothelial barrier dysfunction. Varied proinflammatory factors have been shown to cause endothelial barrier dysfunction. Tyrosine phosphorylation of VE-cadherin in HUVECs was stimulated by different factors, including VEGF, H 2 O 2 , and TNF-a ( Figure 5A ). From these factors, we selected H 2 O 2 for further study because recent studies have documented an important role for oxidative stress in several renal diseases.
2 H 2 O 2 increased tyrosine phosphorylation of VE-cadherin in a time-and dose-dependent manner. H 2 O 2 (100 mmol/L) increased pVE-cadherin as early as 15 minutes, with the peak occurring at 30 minutes ( Figure 5, B and C) .
To investigate the effect of IGF-1R deficiency on H 2 O 2 -induced phosphorylation of VE-cadherin, IGF-1R expression was knocked down by siRNA ( Figure 5D ). On H 2 O 2 treatment, there was significantly more VE-cadherin phosphorylation in the IGF-1R knockdown cells as compared to the control (small interfering control)etreated HUVECs ( Figure 5E ). TNF-a or VEGF, which are stressors for producing endogenous H 2 O 2 , 26,27 markedly enhanced VE-cadherin phosphorylation. Decreased expression of IGF-1R resulted in significantly higher VE-cadherin phosphorylation ( Figure 5F ). In mouse ECs isolated from WT and IGF-1R KO mice, VE-cadherin was continuously distributed along the cell membrane and well organized. H 2 O 2 caused early separation of cell-cell junctions ( Figure 5G ). IGF-1R deficiency worsened the H 2 O 2 -induced alterations in IGF-1R KO ECs ( Figure 5G ). Furthermore, we found that H 2 O 2 induced actin polymerization in the membrane ruffles. On stimulation with H 2 O 2 , the continuation of VE-cadherin on the membrane was broken and showed a punctured pattern in HUVECs. Knockdown of IGF-1R exacerbated the H 2 O 2 -induced VE-cadherin disruption in HUVECs ( Figure 5H) .
Evidence for H 2 O 2 -induced EC permeability includes enhanced dextran-FITC penetration, the loss of IGF1Reenhanced H 2 O 2 -induced FITC-dextran leakage, and increased EC permeability when compared to the siRNA control ( Figure 5I ). Furthermore, knockdown of IGF-1R resulted in augmentation of transendothelial migration of BMCs through the EC monolayers ( Figure 5J ). Collectively, these data suggest that the phosphorylation of VE-cadherin via IGF-1R signaling was involved in modulation of cytoskeletal remodeling that occurs during endothelial barrier dysfunction.
IGF-1R Stabilizes the Association of VE-PTP with VE-Cadherin
VE-PTP is an endothelial receptoretype phosphatase that regulates tyrosine phosphorylation of VE-cadherin. 28 To address the mechanism of IGF-IR in regulating phosphorylation of VE-cadherin, the association of VE-cadherin with VE-PTP or IGF-1R was determined. In normal conditions, VE-cadherin was associated with VE-PTP in ECs and prevented VE-cadherin phosphorylation. Treatment with H 2 O 2 dissociated VE-PTP from VE-cadherin ( Figure 6A) . Consistently, the pVE-cadherin was increased after H 2 O 2 treatment ( Figure 6A ). In addition, we found that VEcadherin interacts with IGF-1R ( Figure 6A ). To test whether IGF-1R is necessary for H 2 O 2 -induced VE-PTP/VEcadherin dissociation in ECs, IGF-1R expression was knocked down by siRNA or overexpressed by AdeIGF-1R infection. The H 2 O 2 -induced phosphorylation of VEcadherin was rescued by IGF-1R overexpression, whereas IGF-1R deficiency exacerbated H 2 O 2 -induced VE-PTP/VEcadherin dissociation ( Figure 6B ). Increased IGF-1R expression stabilized the VE-PTP/VE-cadherin complex after H 2 O 2 treatment ( Figure 6C) . Furthermore, overexpression of IGF-1R also inhibited the disruptive effect of H 2 O 2 by restoring the linear distribution of the VE-cadherin ( Figure 6D ). We evaluated the protective effects of IGF-1R overexpression on endothelial barrier integrity. Treatment with AdeIGF-1R inhibited H 2 O 2 -induced FITC-dextran leakage and leukocyte transendothelial migration ( Figure 6 , E and F). These results suggest a novel critical role of IGF-1R
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The American Journal of Pathology -ajp.amjpathol.org Figure 5 Insulin-like growth factor-1 receptor (IGF-1R) deficiency increases the phosphorylation of vascular endothelialecadherin (VE-Cad) and impairs endothelial barrier function. A: Human umbilical vein endothelial cells (HUVECs) were treated with 50 ng/mL vascular endothelial growth factor (VEGF), 100 mm hydrogen peroxide (H 2 O 2 ), and 10 ng/mL tumor necrosis factor (TNF)-a for 30 minutes. An immunoblot of phospho-Tyr731-VE-Cad was performed. B and C: H 2 O 2 stimulates VE-Cad phosphorylation in a manner that is dependent on both the time of exposure and dose of H 2 O 2 . HUVECs were stimulated with H 2 O 2 at a concentration of 100 mm at the indicated time period (B) or for 30 minutes at the indicated H 2 O 2 concentration (C). D: IGF-1R expression in HUVECs was knocked down by IGF-1R siRNA. HUVECs were transfected with 10 nmol/L scrambled siRNA or small interfering (si)eIGF-1R, and the IGF-1R protein level was detected after 48 hours. E: IGF-1R deficiency in HUVECs leads to an increase in VE-Cad phosphorylation on H 2 O 2 treatment. Cells were transfected with control or sieIGF-1R. After 48 hours of initial transfection, cells were treated with 100 mmol/L H 2 O 2 for 30 minutes. Then, cells were harvested for Western blot analysis. F: IGF-1R deficiency in HUVECs leads to an increase in VE-Cad phosphorylation after TNF-a and VEGF treatment. Control or sieIGF-1R transfected cells were exposed to TNF-a and VEGF for 30 minutes. Then, cells were harvested for protein lysates and subjected to Western blot analysis. G: Mouse ECs isolated from wild-type (WT) and IGF-1R KO mice were fixed and stained with antibodies to VE-cadherin (red). White arrow shows the antieCD31-conjugated Dynabeads. H 2 O 2 causes intercellular gap formation (yellow arrows). H: HUVECs were seeded onto coverslips and transfected with scrambled siRNA or siRNA against IGF-1R. After 48 hours, HUVECs were treated with vehicle or 100 mmol/L H 2 O 2 for 30 minutes. Double staining with the F-actin antibody (green) and antieVE-cadherin antibody (red) was performed. Images were visualized with an immunofluorescence microscope. H 2 O 2 stimulation enlarged gaps between the HUVECs. Red arrows point to cell-cell junctions with defects in actin-VE-cadherin linkage between adjacent cells. Representative data from three independent experiments are shown. I: IGF-1R deficiency enhances endothelial hyperpermeability. Cells were transfected and maintained as above. An in vitro Transwell permeability assay was performed, and the amount of fluorescein isothiocyanate (FITC)edextran diffused to the lower chamber was measured. J: IGF-1R KO enhances H 2 O 2 -induced transendothelial migration. HUVECs were transfected with control or siRNA against IGF-1R. After treating with H 2 O 2 for 30 minutes, the medium was replaced and the bone marrow cells were added into the upper chamber. Bone marrow cells in the lower chamber were counted. Data are given as means AE SD (I and J). *P < 0.05. Ctl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. ajp.amjpathol.org -The American Journal of Pathology in preserving cell-cell adhesion and barrier function in HUVECs.
Transposon-Mediated IGF-1R Expression Suppresses UUO-Induced Inflammation and Fibrosis in IGF-1R KO Mice
To explore the potential therapeutic role of IGF-1R in obstructive renal injury, we constructed an IGF-1R expression plasmid under control of the VE-cadherin promoter in a piggyBac transposon vector to obtain the pT-VE-cadherin-IGF-1R construct. It was then transferred into the kidney, which was later subjected to UUO to induce interstitial fibrosis. The gene transfer was accomplished using a transposon system to integrate the IGF1R gene into the genomic DNA, so as to achieve long-term gene expression. 16, 29 Initially, we confirmed that this system mediates expression of IGF-IR in vascular ECs by immunohistochemical staining ( Figure 7A ) and Western blot analysis ( Figure 7B ). The positive immunostaining of IGF-1R was restored in endothelium of renal vessels in mice with IGF-1R overexpression (IGF-1R transposon [Tn] ) that was mediated by the transposon system ( Figure 7A ).
To test whether expression of IGF-1R in ECs influences VE-cadherin phosphorylation, we examined pVE-cadherin from the obstructed kidney in both IGF-1R KO and IGF-1R Tn mice. We found that the extent of VE-cadherin phosphorylation was significantly decreased in IGF-1R Tn mice when compared to IGF-1R KO mice ( Figure 7C ). We then determined the degree of endothelial leakage by Evans Blue Dye detection. The deposited Evans Blue Dye levels were significantly lower in IGF-1R overexpression mice than in IGF-1R KO mice ( Figure 7D) .
Notably, there was a significant reduction in inflammatory cell infiltration (leukocyte, CD45
þ ; macrophage, F4/ 80 þ ) in the obstructed kidney in IGF-1R Tn mice versus the IGF-1R KO mice after UUO ( Figure 7E) . Similarly, the UUO-induced increase in chemokines was also significantly suppressed by IGF-1R overexpression ( Figure 7F ). Periodic acideSchiff and Picro-Sirius Red staining and quantitative assessment confirmed that IGF-1R overexpression in kidneys resulted in a significant reduction in fibrosis at day 7 of UUO when compared to the IGF-1R KO kidneys (Figure 7 , GeK). Consistent with these observations, reduced expression of fibronectin, a-SMA, 
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The American Journal of Pathology -ajp.amjpathol.organd collagen I in IGF-1R overexpression mice was found as compared with IGF-1R KO mice ( Figure 7, H and I ). These data suggest that up-regulation of IGF-1R expression in WT mice serves to limit the increase in renal vascular permeability and positively influences inflammation and fibrosis after UUO.
Discussion
The results of this study confirm that EC damage and endothelial barrier dysfunction are the initial factors in obstructive kidney pathological changes. IGF-1R in ECs shows a protective role in the maintenance of EC barrier ) were detected in the kidneys. F: The expression of chemokines was detected by real-time RT-PCR. G: IGF-1R expression reduces UUO-induced fibrosis. Periodic acideSchiff staining was performed 7 days after UUO. H and I: The protein levels of myofibroblasts and fibronectin were detected by Western blot analysis (H), and the relative density is shown (I). J: Immunostaining of myofibroblast and fibrosis markers in both the IGF-1R KO or IGF-1R Tn mice after UUO. K: Density analysis of PicroSirius Red staining in J. Data were means AE SEM. n Z 6 (AeF). *P < 0.05. Ctl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PDGFR, plateletderived growth factor receptor; SMA, smooth muscle actin; U1, UUO sample from animal 1; U2, UUO sample from animal 2. ajp.amjpathol.org -The American Journal of Pathology integrity. Specific KO of IGF-1R in vascular ECs increases permeability and infiltration of inflammatory cells, promoting a significant, progressive, renal interstitial fibrosis in the mouse UUO model of CKD. These changes were associated with a significant increase in VE-cadherin protein phosphorylation. The in vitro experiments showed that loss of IGF-1R increased the permeability of the endothelial monolayer after H 2 O 2 treatment. This augmented the disruption of the VE-PTP/VE-cadherin complex at adherens junctions, leading to tyrosine phosphorylation of VE-cadherin. Finally, the IGF-1R overexpression in the endothelium resulted in the attenuation of interstitial inflammation and fibrosis. Taken together, the current data indicate that IGF-1R in ECs plays a critical role in the maintenance of vascular integrity via enhancing the stability of VE-cadherin at endothelial junctions.
The endothelial monolayer lies at the interface between blood and the extravascular space, playing a crucial role in vascular homeostasis. 30 Maintaining the functional integrity of the endothelium is important in the prevention or delay of vascular diseases. Endothelial dysfunction is a hallmark of CKD and begins early in the progression of CKD. 31 It has been widely reported that patients with CKD display endothelial dysfunction. 31 In pathological conditions, injury to vascular ECs results in increased permeability of the vascular barrier, with increased extravasation of neutrophils and monocytes across the vessel wall. 32 We found that there was endothelial damage and platelet aggregation in the interstitial capillary in the obstructed kidneys (Figure 4 ). These indications of a leaky EC barrier were further supported by increased Evans Blue Dye staining in the UUO kidneys ( Figure 4E ).
There are several potential points that link EC barrier dysfunction with renal fibrosis. ECs are involved in modulating local hemostasis and thrombolysis, producing vasoactive compounds, and providing a nonpermeable barrier preventing local activation and proliferation of local fibroblasts or pericytes. 33 First, the leakage of the endothelium can promote platelet adhesion and aggregation, which is an immediate response to EC damage. Platelets store proinflammation molecules (sphingosine-1-phosphate) and growth factors (PDGF and transforming growth factor-b1) that can affect surrounding fibroblast differentiation and proliferation. Second, extravasation of the inflammatory cells through the impaired endothelial layer causes them to accumulate in the renal interstitial area. There, the inflammatory cells secrete cytokines and chemokines, including monocyte chemoattractant protein-1, 34 stromal cell-derived factor-1, 35 and/or others, that may stimulate myofibroblast proliferation. In this way, the inflammatory cells exert a paracrine effect on surrounding cells. 19 Finally, the endothelial damage could free the coated pericytes, because the hyperplasia of pericytes also leads to renal fibrosis. 36 We conclude that UUO-induced endothelial barrier dysfunction is an initial factor that stimulates inflammatory and fibrogenic responses.
The molecules and factors in CKD that cause endothelial changes are unclear, but it has been reported that treatment of ECs with uremic serum increases the expression of VCAM and tissue factor. 37 Others have suggested that the reduced EC function in CKD is possibly caused by increased oxidative stress in the vascular wall. 38, 39 We found that ROS (H 2 O 2 and 4-hydroxynonenal) induced EC barrier dysfunction (Figure 4) . IGF-1R exerts multiple physiological and pathological effects on the vasculature. Accumulating evidence indicates that IGF-1R is a vascular protective factor. 40, 41 It reduces oxidative stress and neuroinflammatory response. 42 Increased IGF-1R improved endothelial progenitor function and promoted endothelial regeneration, 43, 44 whereas IGF-1R KO increased diabetesinduced cardiac fibrosis. 45, 46 It has been reported that CKD impairs the IGF-1/IGF-1R signaling pathway, leading to dysfunction of muscle regeneration. 47 In conclusion, we found that UUO decreased the expression of IGF-1R in kidney (Figure 1) , suggesting that endothelial IGF-1R could play a role in renal fibrosis.
To test this hypothesis, IGF-1R KO and WT mice were subjected to UUO, and their outcomes were compared. The kidneys of IGF-1R KO mice showed a greater increase in vascular permeability, inflammatory cell infiltration, greater accumulation of myofibroblasts, and more deposition of extracellular matrix (Figures 1 and 2) . Consequently, loss of IGF-1R in ECs mediated the barrier dysfunction in UUO, which directly promotes fibrosis via the accumulation of inflammatory cells, especially macrophages (Figure 3) . UUO-induced accumulation of fibroblasts and tubulointerstitial fibrosis were significantly exacerbated in IGF-1R KO mice (Figures 1 and 2) . In addition, these responses were blunted in IGF-1R Tn mice (Figure 7 ). These findings indicate that vascular endotheliumespecific IGF-1R plays a pathological role in the progression of renal inflammation via barrier dysfunction. Infiltration of platelets and inflammatory cells introduced cytokines that are critical mediators of renal fibrosis, such as IL-1b, inducible nitric oxide synthase, and chemokine ligand-2/monocyte chemoattractant protein-1.
VE-cadherin-Cre transgenic mice have been widely used to deliver gene overexpression 48 or knockout 49 in ECs. By using reporter transgenic mice, we found that most of the CD31-positive ECs in the kidney (approximately 85.5% AE 2.79%) were labeled by GFP that was turned on by VE-cadherin-Cre (Figure 1 ). With the same reporter mice, a recent report showed that VE-cadherin-Cre was active in only 50% of the kidney. 50 This discrepancy could be due to the different methods or antibodies used in the analysis.
The Cre recombinase expressed in the VE-cadherin-Cre transgenic mice was predominantly active in ECs and, in addition, in hematopoietic cells. 24 Therefore, the IGF-1R gene was knocked out in all VE-cadherineexpressing cells (ECs) and their lineages (including some hematopoietic cells). The deteriorative effects on renal fibrosis in IGF-1R f/f /VE-cadherin-Cre þ mice could be due to dysfunction in the hematopoietic cells of VE-cadherin lineage. However, transplant of BMCs from IGF-1R f/f /VE-cadherin-Cre þ mice
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The American Journal of Pathology -ajp.amjpathol.orginto WT mice had no observed effects on UUO-induced fibrosis. Therefore, our results indicate that loss of IGF-1R in ECs was the major contributor to the accelerated UUOinduced inflammatory and fibrogenic response. More important, because VE-cadherin is involved in pericellular vascular permeability, 51, 52 we hypothesized that its function may be modulated by IGF-1R. VEcadherin phosphorylation was measured at the critical tyrosine residue Y-731, a mechanism causing disassembly of this protein from the endothelial junction. Our data indicate that after UUO, decreased IGF-1R in ECs increased VE-cadherin phosphorylation, whereas the overexpression of IGF-1R in the endothelium partially restored its barrier function through decreased phosphorylation of VE-cadherin (Figure 7 ). It has previously been reported that IGF-1 prevented EC apoptosis by ROS, whereas specific knockout of IGF-1R caused vascular hyperpermeability and increased H 2 O 2 -induced tissue injury. 53 In cultured ECs, we also observed an increased phosphorylation of VE-cadherin after treatment with H 2 O 2 , whereas overexpression of AdeIGF-1R suppressed this response ( Figure 6C ). These results demonstrate that stabilization of endothelial junctions is a mechanism by which IGF-1R reduces vascular hyperpermeability through reduction of the VE-cadherin phosphorylation. VE-PTP, a VE-cadherin phosphatase in ECs, determines the phosphorylation status of VE-cadherin through direct interaction. Consistently, decreased IGF-1R levels exacerbated the H 2 O 2 -induced dissociation of the VE-PTP/ VE-cadherin complex in ECs, whereas increased IGF-1R expression restored the VE-PTP/VE-cadherin interaction to control levels ( Figure 6 ). Another key finding from our study is the association of the IGF-1R with VE-cadherin in HUVECs. This finding is supported by the coimmunoprecipitation of the IGF-1R with VE-cadherin from HUVEC whole cell lysates ( Figure 6 ). Consistent with our observations, studies have shown that in human colonic mucosa, IGF-1R has been found complexed with E-cadherin. 54 The presence of IGF-1R complexed with E-cadherin at points of cell-cell contact in corneal epithelial cells has also been identified. 54 A decrease in IGF-1R expression led to a decreased amount of the E-cadherinecatenin complex, causing a defect in the epithelial barrier. These studies suggest that IGF-1R plays a role in the stabilization of E-cadherinecatenin complex in breast cancer cells. 55 Our results strongly support the interplay between the IGF-1R and VE-PTP/VE-cadherin complex in maintenance of the cell-cell contact of HUVECs in the absence of exogenous IGF-1. Further studies are needed to investigate the regulatory pathways.
In summary, our study confirms the critical role of IGF-1R in regulation of the stability of the VE-PTP/VE-cadherin complex, thereby affecting the phosphorylation state of VE-cadherin. Through this mechanism, we found that decreased IGF-1R expression impaired endothelial barrier function at the interendothelial junctions after UUO.
